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Abstract
A tunable, pulsed laser was used to excite the Lyman-α transition (1S–2P) of positronium (Ps).
The laser system has a large bandwidth of 225Δν = GHz at 243λ = nm, providing signiﬁcant
coverage of the Doppler-broadened, single-photon transition. The infra-red fundamental of a Nd:
YAG laser was converted to ultraviolet by a series of solid-state, nonlinear processes, centred
about an unseeded optical parametric oscillator, from which the bulk of the ultimate bandwidth
derives. The Ps atoms were created by bombarding mesoporous silica with positrons, and the
Doppler-width of the 1S–2P transition of the resulting ensemble was measured to be
672 43Δν = ± GHz (equivalent to T 300≈ K). It is envisaged that the UV laser will be
incorporated into a two-step process to efﬁciently form Rydberg states of Ps, with potential
applications in synthesis of cold antihydrogen, gravity measurements with antimatter, or for
injection of electrons and positrons into a stellarator.
Keywords: antimatter, positronium, Doppler spectroscopy, nonlinear optics
1. Introduction
The positronium (Ps) atom—the bound-state of an electron
and a positron—has long been of interest for its unique
spectroscopic properties [1]. Hydrogen-like in its simplicity
and purely leptonic, Ps is a suitable candidate for precision
tests of bound-state QED [2–5]. It has also been highlighted
as a part antimatter probe for testing the weak equivalence
principle of general relativity [6], and as a component in
efﬁcient schemes for synthesis of antihydrogen [7–9].
The gross energy levels of Ps can be found by analogy
with the Bohr model for hydrogen, scaling with the inverse-
square of the principal quantum number, although with half
the binding-energy of H, i.e. E n6.8n 2= (eV). A range of
experiments which aim to harness the extraordinary properties
of Ps require Rydberg states (n 10≳ ) (e.g. [6, 7, 10–12]), not
least because the lifetime against the mutual annihilation of
the constituent particles is signiﬁcantly increased. Also,
Rydberg states of Ps can have very large effective electric
dipole moments [12], which could be exploited to manipulate
—or even trap—the atoms, using inhomogeneous electric
ﬁelds [13]. Furthermore, the cross-section for the formation of
antihydrogen by mixture of antiprotons with Ps scales clas-
sically like n( )4 .
Two-step, laser-excitation of Ps from the ground-state via
n = 2 to n = 10–15 has been demonstrated previously as a
means to attain Rydberg states [14, 15], with recent reﬁne-
ments [16] resolving states as high as n = 31. In every case,
the ﬁrst step, from the ground-state to n = 2, was achieved as a
single-photon transition (i.e. 1S–2P) using an ultraviolet laser
tuned to resonance ( 2430λ = nm). Efﬁcient laser-excitation is
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hampered by the extremely broad Doppler-width associated
with typical Ps sources, which arises as a consequence of the
element’s uniquely low rest-mass. The Doppler broadened 1S–
2P linewidth of a room temperature (300K) distribution is on
the order of THz: far exceeding the linewidth of the majority of
commercial laser systems (typically 10< GHz), and thus only
some fraction of the Ps within an ambient ensemble could be
excited into Rydberg states using such. In the aforementioned
Ps spectroscopy works Ziock et al [14]/Cassidy et al [15] used
modiﬁed, pulsed dye lasers, with bandwidths of about 350/
135GHz, and pulse energies of about 0.3/1.0 mJ at 243λ =
nm. The fairly rapid deterioration of the laser dyes is una-
voidable, and introduces inconsistency to prolonged measure-
ment periods (for e.g. precision spectroscopy). Accordingly,
such lasers require regular dye changes and expert attention,
which in some cases is impractical and motivates pursuit of
alternative schemes (e.g. [17]).
In this article we describe and characterize a broadband
( 225Δν ≈ GHz), tunable, solid-state UV laser ( 243λ = nm),
with a 1.2 mJ output in an 8 ns pulse. In contrast to the dis-
cussed pulsed dye laser systems, our employment of purely
solid-state, nonlinear processes ensures a reliable laser output
over many months, and the high peak intensity and broad
bandwidth are well suited to efﬁciently driving the Doppler
broadened Lyman-α transition of Ps. We demonstrate use of
this laser in exciting ground-state Ps atoms, with a view to
pursuing subsequent excitation from n = 2 into Rydberg states.
2. Experimental details
2.1. A tunable, broadband, UV laser source
The laser source which produces the 243λ = nm radiation for
the 13S 2 P3→ transition of Ps is an all-solid-state system. The
UV light is generated using nonlinear optics, by the sum-
frequency of the third harmonic of an Nd:YAG laser (3ω,
355λ = nm) and the signal-wave of an infra-red, tunable
optical parametric oscillator (OPO) ( sω , 772λ = nm). The
conﬁguration of this UV laser source is depicted schemati-
cally in ﬁgure 1.
The Q-switched Nd:YAG laser (SOLAR LQ129A)
nominally operates at 10 Hz and is based on a stable ring
cavity, with a smooth 2D Gaussian output beam proﬁle and
total beam diameter of approximately 8 mm. It provides
laser radiation at its fundamental wavelength of 1064λ =
nm in a pulse of width of ∼12 ns (FWHM), with an output
energy per pulse of 420 mJ. A temperature stabilized KTP
nonlinear crystal within the laser unit generates the second
harmonic ( 532λ = nm), with a pulse energy of 220 mJ.
These infra-red and visible beams exit the laser unit co-
linearly.
The 1ω and 2ω waves were mixed in an harmonic gen-
erator (SOLAR LG103), which is based on a temperature
stabilized DKDP nonlinear crystal. The 355λ = nm, third-
harmonic wave generated in the crystal could be tuned to
produce up to 60 mJ in a 10 ns pulse. The three harmonics, at
1064, 532 and 355 nm, were separated using two dichroic
mirrors.
The remaining 2ω radiation was used to pump a pair of
BBO nonlinear crystals, which were held in the Lc = 11 cm
cavity of an OPO (SOLAR LP603). The OPO cavity is sin-
gly-resonant, exhibiting an approximate TEM01 transverse
mode beam proﬁle. Only the signal-wave generated by the
OPO was utilized in these experiments; this was separated
from the orthogonally polarized, longer wavelength idler-
wave and remaining pump using a polarizing beam splitter.
Wavelength selection was achieved by angular phase-
matching of the BBO crystals. Tuned for a wavelength of
Figure 1. Schematic depiction of the broadband laser source utilized for Ps excitation at 243λ = nm. GP = Glan polarizer; HWP = half-wave
plate; GT(CL) = Galilean telescope (with cylindrical lenses); DM = dichroic mirror; L = plano-convex lens; FP = solid Fabry–Perot etalon.
Numbers in subscript indicate the associated laser wavelength in nm. For further details see text.
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770λ ∼ nm, energies up to 37 mJ could be achieved in an
8 ns pulse, however, when optimized for subsequent UV
production this reduced to ∼25 mJ.
A cylindrical Galilean telescope was employed to correct
the horizontal divergence of the OPO signal-wave, which was
then guided to a dichroic mirror that overlaid the pulse with
the third-harmonic of the Nd:YAG. Prior to their mixing, the
proﬁle of the latter was 2× compressed with a Galilean
telescope, and its path length arranged such that the peak
power of the pulse had near-perfect temporal overlap ( 1< ns)
with the OPO signal-wave at the point where the two
combine.
With approximately matching beam diameters (∼5 mm),
the OPO signal-wave and Nd:YAG third-harmonic were
steered to a sum-frequency generator (SFG, SOLAR F103),
which held an appropriately AR coated, 7 mm long BBO
nonlinear crystal. Fine adjustment to the phase-matching of
the Nd:YAG harmonic production was used to roughly equate
the number of photons in the 770 and 355 nm beams, thereby
optimizing the sum-frequency generation of the 243λ = nm
UV pulse yielded by the SFG, which was isolated from the
two pump beams using a series of dichroic mirrors. The UV
beam was steered to the Ps interaction region (section 2.2);
entering and exiting the vacuum system via uncoated, CaF2
windows. An HR coated mirror outside of the system was
used to reﬂect the laser back through for a second pass of the
Ps cloud (see ﬁgure 3).
Each laser pulse (Nd:YAG 1ω, 2ω and 3ω; OPO signal-
wave; 243 nm pulse) has been characterized for pulse energy
(Epulse), time-width ( tΔ ), wavelength (λ) and linewidth (Δν)—
these are summarized in table 1. The pulse energies were
measured using joule meter heads (Coherent LMP10 for pulse
energies 5> mJ, Sensor und Lasertechnik PEM-34 for lower
pulse energies), and the time-widths using a high-speed, ﬁbre-
coupled Si photodiode (Thorlabs SV2-FC). The spectral
characteristics for the Nd:YAG and OPO waves were mea-
sured using a laser spectrum analyser (High Finesse, LSA),
which has an operating wavelength range of 350–1120 nm,
frequency accuracy of ∼6 GHz and a FWHM range of
3–2000 GHz. The UV wavelength was determined using an
Ocean Optics HR4000, which is optimized for 220–260 nm,
having a resolution of 0.052Δλ = nm at 240λ = nm (this
device was calibrated against UV emission lines from palla-
dium and cobalt hollow cathode lamps: Heraeus 3QNYPd
and 3QNYCo). The LSA and HR4000 respectively lack the
range and resolution to measure the linewidth of the 243 nm
pulse; accordingly, an etalon-based UV spectrometer was
constructed.
The set up for the characterization of the UV pulse
linewidth is included in ﬁgure 1, and in essence it comprises a
cylindrical lens and very high-ﬁnesse, thin, solid etalon (Laser
Optik GmbH, 0.2 mm thick substrate ET-S-00185 with HR-
coating B-10204), through each of which the UV pulse was
passed. The resulting fringe pattern was imaged by a line
CCD camera (Alphalas GmbH, CCD-S3600-D-UV). The
etalon has a free spectral range of 330 GHz and the speciﬁed
reﬂectivity R 0.995> at 243 nm translates into a theoretical
ﬁnesse of 600 > .
A typical trace of the fringes imaged by the CCD is
shown in ﬁgure 2. The fringe pattern was ﬁtted using the sum
of equal width Gaussians, and was found to reproduce the
fringe spacing expected from the etalon speciﬁcations. The
value of FWHM 225 3= ± GHz determined from the pattern
ﬁt approximately agrees with the convolution of the widths of
the 355 and 770 nm beams (∼190 GHz), and indicates that the
UV laser continuously covers a signiﬁcant fraction of the
Doppler broadened linewidth for a 300 K thermal distribution
of Ps atoms.
Table 1.Operating data for the components within the 243 nm laser source. The spectral information was obtained by use of an High Finesse
LSA, except where indicated otherwise. The uncertainty in the energy per pulse is due to shot-to-shot ﬂuctuations.
Laser source λ (nm) Δλ (nm) Δν (GHz) tΔ (ns) Epulse (mJ)
Nd:YAG LQ129A 1064.501 0.113 30 ± 1 12 ± 1 490 ± 5
532.246 0.031 32 ± 2 12 ± 1 260 ± 5
+ LG103 355.831 0.026 61 ± 2 10 ± 1 40 ± 2
OPO LP604 772.448 0.325 163 ± 3 9 ± 1 25 ± 2
SFGa 243.152 0.044 225 ± 3 8 ± 1 1.2 ± 0.3
a
Linewidth measured using a solid etalon interferometer—see text.
Figure 2. Typical etalon fringe pattern recorded using a CCD line
array detector, averaged over 300 laser pulses (black points). The red
line represents a ﬁt to the data of the sum of equal-width Gaussians
(grey dots); the ﬁt residuals are plotted below.
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2.2. Ps production
Positrons emitted via β+ decay from a 1.25 GBq sample of
the radioisotope 22Na were moderated to energies of a few eV
using a thin layer of solid neon [18]. These were then guided
in vacuum using magnetic ﬁelds to a buffer-gas positron
accumulator [19] that consists of two stages of cylindrical
electrodes lying parallel to the 35 mT ﬁeld of an encasing
solenoid—see [20] for further details. Inelastic collisions
between impinging positrons and low density molecular
nitrogen gas resulted in capture of the positrons, which sub-
sequently cool to the axial minimum of an electric potential
formed by appropriately biasing the electrodes. A rotating
dipole electric ﬁeld applied across the cloud (known as the
‘rotating-wall’, RW, technique [21, 22]) reduced positron
losses due to diffusion to the electrode walls, and radially
compressed the cloud to 1eσ ≈+ mm (2D Gaussian areal
proﬁle) [23–26]; a low pressure cooling gas (SF6) was
employed to counteract heating of the cloud by the rotat-
ing ﬁeld.
The positrons were released from the trap by asymme-
trically lowering the trapping potential, ejecting a pulse of
roughly 5 × 105 particles at a repetition rate of 0.3 Hz. These
would drift 1.5 m along the magnetic ﬁeld lines generated by
a series of coils to the Ps converter assembly (ﬁgure 3), and
there pass through the centre of an alignment electrode and
then a tungsten grid. An electric ﬁeld applied between the grid
and target mount accelerated the positrons to embed them
into the surface of a porous silica ﬁlm. This 400 mm2
mesostructured ﬁlm was grown using Pluronic F-127 ethy-
leneoxide/propyleneoxide block copolymer (BASF), with
0.016 F-127/Si molar ratio, and deposited 700 nm thick on to
a silicon substrate [27]. The positrons were implanted into the
ﬁlm with a time-width (FWHM) of roughly 30 ns.
The embedded positrons rapidly ( 1< ns) cool via colli-
sions inside the insulator bulk [28], and in so-doing may
capture electrons to form Ps. These Ps atoms then diffuse and
likely become captured by the pore structure, wherein they
may survive for some signiﬁcant fraction of their lifetime in
vacuum [29]. The vacuum lifetime is determined by the total
spin of the particle/ antiparticle pair and in the ground-state:
the s = 0 singlet (para-Ps) has a mean lifetime of 0.12 ns;
whereas the s = 1 triplet state (ortho-Ps) has a mean lifetime
of 142 ns. The pores interlink and provide channels to the
sample surface, facilitating emission to vacuum of the longer
lived o-Ps atoms with reasonable efﬁciency (∼0.3 /e+) [30].
The production of free o-Ps was inferred using the
technique of ‘single-shot positron annihilation lifetime spec-
troscopy’ (SSPALS) [31], performed using a fast, lead-tung-
state (PbWO4) scintillator and a PMT detector. The PbWO4
crystal is cylindrical in geometry, measuring 50 mm in dia-
meter and 40 mm long. The high density material exhibits
excellent γ-ray absorption and the scintillation decay time is
sufﬁciently fast (∼9 ns) that the rapid annihilation of positrons
and p-Ps following positron implantation, can be resolved
from the delayed annihilation of o-Ps emitted to vacuum. Two
example SSPALS traces are plotted in ﬁgure 4.
The o-Ps lifetime was estimated by ﬁtting the decay
component of the delayed fraction of the SSPALS spectra,
giving 120τ ≈ ns [32]. This is somewhat shorter than the free
o-Ps vacuum lifetime (142 ns), and is likely distorted by other
phenomena neglected by the ﬁtting model, e.g. Ps trapped in
isolated pores ( 74τ ≈ ns, [30]) and transport of the fastest
atoms away from the detector. Furthermore, a permanent
Figure 3. Schematic illustration of the positronium (Ps) converter
assembly and the UV laser interaction path (purple). The red arrow
marks the path of the positrons from the accumulator and the green
arrows represent Ps emitted from the porous silica ﬁlm.
HC = Helmholtz coils; Wi = CaF2 UV windows; HR243 = UV
reﬂector; PMT = photo-multiplier tube.
Figure 4. Example SSPALS signal recorded from the PbWO4/PMT
detector, i.e. time-resolved, annihilation γ-ray ﬂux as a 30 ns bunch
of positrons is implanted into mesoporous silica (averaged from 100
repeat measurements). The delayed events are due to annihilation of
free o-Ps. The solid line is the trace recorded with the 243λ = nm
beam passing through the Ps cloud at t 80≈ ns (zoom inset), in
contrast to a background measurement with no laser (dashed).
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magnet (Nd) placed behind the target was used to increase the
magnetic ﬁeld in the interaction region to ∼75 mT, which will
have caused Zeeman mixing of the p-Ps and o-Ps states with
the same magnetic quantum number [33–36]; this magnetic
quenching is estimated to have reduced the mean lifetime of
ground-state o-Ps to approximately 135 ns.
3. Results and discussion
3.1. Ps spectroscopy
SSPALS measurements were conducted with the UV laser
pulse (section 2.1) triggered to pass through the interaction
region shortly after the Ps atoms were formed (∼80 ns).
Tuned to resonance ( 243.020λ = nm), the laser would be
expected to efﬁciently drive 1 S 2 PJ3 1 3→ transitions (where
J 0, 1, 2= ); we assume states of 1 S1 0 are negligible, due to
its rapid rate of self-annihilation. In a vacuum environment
free from electromagnetic ﬁelds, 2P states of ortho-Ps are
quasi-stable against direct annihilation [37]. The radiative
decay back to the ground-state is comparatively rapid (3.2 ns),
therefore Ps atoms excited to the 2P states would most likely
annihilate following such decay and the overall average
lifetime compared to atoms that are not excited would be only
marginally increased. Such a small difference in lifetime
would be difﬁcult for us to identify using SSPALS. However,
in the ﬁrst excited state the hyperﬁne interval is much less
than that of the ground-state [2], therefore exciting Ps to n = 2
in the ﬁeld of the nearby permanent magnet (ﬁgure 3) sig-
niﬁcantly enhances the Zeeman mixing between the triplet
and singlet states. Prompt annihilation following radiative
decay to the p-Ps ground-state (see ﬁgure 5) will result in a
near immediate excess of γ-rays evident in the lifetime
spectra, relative to the case in which excitation does not take
place.
The annihilation ‘excess’ due to excitation + magnetic
quenching was quantiﬁed by taking the fraction of the total
signal of the SSPALS spectra as measured in a 10 ns window
coincident with the applied laser (see ﬁgure 4, inset), and
ﬁnding the relative difference in signal compared to a back-
ground measurement for which the UV laser was de-tuned far
from resonance. Figure 6 shows how this parameter varies as
the laser is tuned across the Doppler proﬁle of the Lyman-α
transition, for a range of voltages applied to the target mount,
indicating a clear resonance centred at 243 nm.
For the time-width and beam proﬁle of the laser system
described in this work, the saturation intensity of the 1S–2P
transition corresponds to a pulse energy of around 3.5 μJ.
Experiments have found signiﬁcantly higher than expected
intensities are in fact required (equivalent to ∼200 μJ per
pulse) [33, 36], nonetheless the measured 1.2 mJ is likely to
saturate all of the Ps atoms inside the laser-ﬁeld. However, it
is clear from ﬁgure 4 that only a small fraction of the o-Ps
atoms are ultimately magnetically quenched—we estimate
approximately 1%. This is much less than the ∼35% that are
thought to fall within the laser bandwidth (assuming a room
temperature distribution). This is partly because only a subset
of the 2P triplet states can magnetically mix with the singlet
states that we detect; in addition to which the extent of any
mixing will vary with the position of the atoms in the inho-
mogeneous magnetic ﬁeld of the permanent magnet. More-
over, the laser pulse is short in comparison to the time-width
of the positron bunch, and the position of the interaction
region is sufﬁciently far from the surface of the ﬁlm that both
annihilation during transport and dispersion of the Ps atoms
will markedly reduce the number of atoms the laser can
address. Optimization of the geometry of the set-up, com-
bined with time-focusing of the positron bunch, should
improve this signiﬁcantly. Furthermore, switching to a
detection scheme based upon resonance-enhanced multi-
photon ionization (REMPI) [38] (insensitive to the 2P sub-
states), would further strengthen the potential signal.
3.2. Ps cooling
The positrons were implanted into the silica ﬁlm with energy
K, as determined by the electric bias that attracts them to the
target. The positron stopping proﬁle within the ﬁlm is
expected to follow a Makhovian distribution [21], giving a
mean depth at which Ps forms K∝ ν (where ν is material
dependent and estimated to be ∼1.6 for silica [28]). Following
formation, Ps may be ejected from the bulk into the porous
network with an energy of ∼1 eV [39]. Subsequent collisions
with the inner surface of the pores will cool the atoms as they
diffuse to the surface. Those formed deeper (i.e., higher target
bias) will, on average, spend longer inside the pores and thus
Figure 5. Ps energy level scheme, 1S–2P dipole transition and width
functions; note the difference in energy scale for n = 2. The radiative
lifetime from 2P to the ground-state is 3.2 ns. For further details
see text.
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be emitted to vacuum with less energy than Ps formed nearer
the surface. This is evident in the narrowing of the Doppler
proﬁles of ﬁgure 6, in accordance with previous stu-
dies [30, 36].
The 1S–2P line proﬁles plotted in ﬁgure 6 were ﬁtted
with Gaussian functions, then the Doppler-width found by
deconvolution of the width of those ﬁts with that of the UV
laser. The root-mean squared (rms) velocity of the Ps atoms in
the direction of the laser vx
2〈 〉 was determined by assuming
non-relativistic Doppler broadening, i.e. v c( )x
2
0
2σ λ〈 〉 = ,
where c is the speed of light and σ is the deconvolved width
of the Gaussian ﬁt. The kinetic energy associated with the rms
velocity, E m vx x
1
2 Ps
2〈 〉 = 〈 〉, is plotted against the target bias in
ﬁgure 7.
For arbitrarily large pores Ps atoms would eventually
thermalize with the 300 K silica bulk, for which we would
expect to measure E 25x〈 〉 ≈ meV. However, if the pores are
very small the ground-state of the pore/atom system can
exceed the thermal energy of the bulk, effectively raising the
minimum emission energy of the Ps atoms—e.g. for Ps in a
spherical inﬁnite square potential E m d 25e0 2 2 2π= ≈
meV d( 5.5= nm). As shown in ﬁgure 7, the minimum Ps
energy measured was 24 ± 3 meV. This suggests that the
pores are no smaller than the 5 nm diameter expected for
F-127 ﬁlms.
Time-of-ﬂight experiments have previously measured
energies of 48 ± 5 meV for Ps emitted from similar ﬁlms [30].
It is important to note that those measurements relate to the
centre-of-mass motion of Ps in the direction perpendicular to
the ﬁlm’s surface, whereas we report energies associated with
the velocity distribution along the direction of propagation of
the UV laser, parallel to the silica ﬁlm, and the two—although
related—are not equivalent. The emission properties which
dictate the relationship between the two measurements are
complicated by unknown details of the ﬁlm, such as the
homogeneity of the pore size and the (an)isotropy of its
structure, in particular at the surface. Assuming uniformity in
pore size, emission of Ps cooled to the ground-state of the
pore should be almost mono-energetic, and the distribution of
velocities along a particular axis would arise as a consequence
of the angular distribution of the emission.
A similarly conducted Doppler-width measurement by
Cassidy et al reported Ps energies of 41.7 ± 2.7 meV [36],
however the authors used ﬁlms known to have smaller pores
(d 2.7≈ nm), which are expected to emit Ps with higher
energies. It is important to note that the technique of probing
the Ps atoms with pulsed lasers likely only samples a subset
of the distribution (as already discussed in section 3.1), and
that varying the timing, location and size of the laser can
conceivably affect the measured Doppler-width. For instance,
Figure 6. The excess SSPALS signal (during the excitation window),
as a function of the UV laser wavelength and target bias, averaged
over 300 laser pulses. The SSPALS data are normalized to represent
a relative increase with respect to the laser-off-resonance signal. The
dashed lines represent Gaussian ﬁts to the data.
Figure 7. The kinetic energy associated with the rms velocity of
positronium emitted from mesoporous silica, as measured by
Doppler broadened laser spectroscopy of the 1S–2P transition. See
text for details.
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the experiments discussed here were performed with the laser
positioned 8 mm from the ﬁlm. Assuming a mono-energetic
beam moving at 105 ms−1, the forward directed atoms will
arrive at the interaction region in around 80 ns, whereas those
emitted at larger angles will naturally take longer and hence
the number of these measured will be lessened due to
increased self-annihilation en route, effectively narrowing the
measured distribution; what’s more those atoms with high
emission angles are more likely to miss the interaction region
altogether, further narrowing the measured width. Con-
versely, if the laser were triggered too early, such that only the
fastest, non-thermalized Ps can reach the interaction region
when the laser ﬁres, a broader Doppler-width might be
measured.
4. Concluding remarks
The tunable UV laser described in section 2.1 has been
demonstrated in exciting ground-state Ps to the 2P state. The
measured characteristics of this 243λ = nm laser, in parti-
cular the bandwidth ( 225Δν = GHz) and pulse energy
(E 1.2pulse = mJ), ﬁnd it well matched for saturating a large
fraction of presently achievable, pulsed Ps sources. Further-
more, unlike previous 1S–2P laser-spectroscopy studies of Ps
that all utilized dye lasers [33, 36], the solid-state system is
extremely stable and requires minimal maintenance.
The measurement of the 1S–2P Doppler-width made
using this laser ( 672 43Δν = ± GHz) is in reasonable
agreement with previous works that used nominally identical
Ps production techniques, however further reﬁnement to the
experimental set-up could signiﬁcantly improve the signal
and statistics. For instance, bunching of the positron clouds
using time-varying electric ﬁelds is relatively straightforward
[40] and can achieve time-widths in the region of 1 ns, which
would dramatically improve the fraction of the subsequently
formed Ps distribution that the laser can address. Modiﬁcation
to the target system in conjunction with optimization of the
UV beam proﬁle would enable positioning of the interaction
region far closer to the surface of the ﬁlm ( 1< mm),
improving the overlap further and exciting the atoms before
self-annihilation and dispersion become signiﬁcant.
As the signal induced by magnetic quenching was used
in these measurements it is difﬁcult to determine exactly how
efﬁciently the n = 2 state was populated—especially as the
magnetic ﬁeld in the interaction region was inhomogeneous.
Also, detection of magnetically-quenched states is less efﬁ-
cient than would be that of the ionization of excited atoms,
e.g. by use of a second laser pulse (REMPI), as then all sub-
states of the 2P manifold can contribute to the signal. To
resonantly photoionize the excited Ps atoms would require an
near infra-red laser 729λ = nm; it is convenient to instead
use the 532λ = nm second harmonic of a Nd:YAG [41],
although the cross-section is smaller and a higher intensity is
needed to saturate the transition into the continuum ( 1011∼
Wm−2). Ideally we would instead detect excitation/ionization
events directly, e.g. using a micro-channel plate detector, with
the potential to drastically improve the signal-to-noise ratio
compared to lifetime measurements. This is more viable when
studying Rydberg states, as the atoms become so long-lived
they are able to drift to a distinct detection region [16].
The prospect of efﬁcient production of long-lived, exci-
ted states of Ps atoms via a 1S–2P-nD/nS laser excitation
scheme has a number of exciting applications, but is con-
tingent upon maximizing population of the ﬁrst excited state,
as discussed in this work. A number of relatively simple
improvements (see above) are expected to garner marked
progress towards this goal, with applications in experiments
ranging from gravity measurements with antihydrogen [10] or
Ps [12], to study of electron/positron plasmas in a stellarator
[11]. Even the present proof-of-concept state of the experi-
mental conﬁguration has the proven ability to measure the
1S–2P Doppler-width, which could be exploited as a means
to evaluate new materials and technologies designed for
production of ever colder Ps atoms that are likely a pre-
requisite to attainment of the long-anticipated Ps Bose–Ein-
stein condensate [42].
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